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ABSTRACT — In many amphibians, the departure from water associated with the metamorphic events 
is controlled by a number of hormones. The most important are the thyroid hormones. After they 
bind to the nuclear receptors, the thyroid hormones trigger a number of mechanisms by acting at the 
genome level. These hormones control the synthesis of many specialized proteins during cell 
differentiation and degeneration. Thyroid hormone activity is a necessary condition for metamorpho- 
sis and departure from water in many amphibians. However, it is not in itself sufficient and other 
hormones intervene also. Cortical steroids such as corticosterone or aldosterone play a part in 
up-regulating metamorphosis. On the contrary, prolactin and growth hormone can inhibit certain 
metamorphic events in larvae, thus maintaining them in an aquatic environment. Moreover, 
neurohypophyseal hormones, aldosterone or prolactin regulate the hydromineral equilibrium which 
optimizes water conservation in the metamorphosed animals, while they migrate towards the terres- 
trial habitat. Finally, a complex endocrine determinism presides over the environmental transitions 
observed in modem amphibian development. 
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INTRODUCTION 

Departure from water in most amphibians is 
prepared by a number of transformations that 
modify the larvae’s organization during meta- 
morphosis. 

Since Gudernatsch’s studies [48], it is admitted 
that amphibian metamorphosis is triggered by an 
increase in the concentration of circulating thyroid 
hormones (3,5,3'-triiodothyronine or T 3 , 3,5, 3', 5'- 
tetraiodothyronine or thyroxine or T 4 ), due to an 
increase in the activity of the thyroid gland (Fig. 
1). Thyroidectomy or the administration of anti- 
thyroid agents (thiourea) eliminates metamorphosis 
in the larvae, which nevertheless continue to grow. 
On the contrary, treating the larvae with thyroid 
hormones anticipates the phenomenon in anurans 
as well as in urodeles. The triggering of meta- 
morphosis by thyroid hormones in amphibians is 
the oldest known endocrine effect in poikilother- 
mic vertebrates. 


THYRONINE 


T4 



Fig. 1. The two thyroid hormones (3,5,3'-triiodothy- 
ronine or T 3 , and 3,5,3'5'-tetraiodothyronine or 
thyroxine or T 4 ) are respectively the triiodinated 
and tetraiodinated derivates of the thyronine. 


While the endocrine determinism of meta- 
morphosis has long been focalized on the thyroid 
gland activity, it has now been established that it is 
in fact triggered by the combined effects of a 


number of hormones [22, 24, 25, 34, 41, 52, 61, 88, 
103, 104, 106]. The present article analyzes their 
combined action on metamorphosis. 


I MAIN TYPES OF RESPONSES TO 
THYROID HORMONES 

The vital role of the thyroid hormones in the 
onset of metamorphosis has prompted many au- 
thors to trigger this phenomenon earlier by an 
artificial and brutal increase in the plasmatic level 
of T 3 or T 4 . Experimental metamorphosis is one of 
the best methods of analyzing the effects of the 
thyroid hormones when they enter the cells. The 
larvae used in these experiments are premetamor- 



Fig. 2. Structural requirements for thyroid hormone 
activity on the tail of the anuran tadpole. The 
hormonally active molecule is composed of two 
mutually perpendicular aromatic rings (I and II) 
positioned at an angle of about 120° by a bridging 
atom, O, S or C (A). An amino acid (alanin, ...) or 
anionic (acetic acid, ...) side chain of two or three 
carbons (B) is attached to the aromatic ring I para to 
the bridging atom. A phenolic hydroxyl (-OH) or 
functionally similar group also para to the bridging 
atom is attached to the aromatic ring II. Both the 
3.5 substituents on ring I must be occupied by 
relatively voluminous groups (C and D) but with 
diameters no larger than 2.9 nm (methyl radical, 
halogen, ...). The activity of the basic structure is 
greatly enhanced by a voluminous substituent 
(halogen or alkyl radical) in the 3' position (E) on 
ring II, but reduced by the simultaneous occupancy 
of the 5' position (F). These results emphasize the 
thyroid hormone activity is induced by the steric 
characters of the molecule rather than the specific 
presence of iodine. The integration of the halogen 
in the thyroid hormones would be purely accidental 
and point to an evolution favourable to hormonal 
metabolism. From Jorgensen [58]. 


Fig. 4. In vitro effects of thyroxine on the tail of an Alytes obstetricans premetamorphic tadpole. Fragments were 
placed in a medium with T 4 at 5.10 -7 M/ml for 15 days. A phagocytic cell (PH) containing the residual bodies 
(RB) of heterophagic vacuoles is located between the epidermal cells (EP). DE, dermis. From Pouyet [84]. 



Passage to the Terrestrial Life 


Fig. 3. Discoglossus pictus premetamorphic tadpoles treated with T 4 : intestine changes induced by the hormone. 
The animals were placed in an aqueous T 4 solution at 10 7 M/ml. A. Intestine section of a control tadpole 
untreated with T 4 . B and C. Intestine section of a sixth-day treated tadpole. B. On the internal border of an islet 
of embryonic cells (asterisk), the highly chromophilic, lysed primary epithelium (epl) is being evacuated into the 
intestinal lumen (lu). C. The primary epithelium is altered by the activity of lysosomal enzymes (acid 
phosphatase, cathepsins, .. .). Acid phosphatase activity is visualized by its black reaction product (thick arrows), 
ad, adventice; bb, brush border; ch, chorion; ms, muscular sheath. From Hourdry [50]. 
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phic. Some are immerged in a T 3 or T 4 solution 
with concentrations of 10 -9 to 10~~ 6 M. Others 
receive intraperitoneal hormone injections with 
doses of 0.1 to 1 pglg of body weight. The in vitro 
treatment of tissue explants with T 3 or T 4 often 
confirms the results obtained in vivo. 

Treating larvae with thyroid hormones triggers a 
series of cellular events already encountered dur- 
ing natural metamorphosis (Fig. 2). Certain larval 
tissues and organs degenerate (tail in anuran tad- 
poles, gills, digestive tract ...) (Figs. 3 and 4). Cell 
proliferation centers emerge in the growing limbs, 
the cerebellum [42] or the digestive tract [53]. The 
various differentiation stages lead to mature cells 
and tissues (dendritic arborization of the Purkinje 
cells in the cerebellum, absorbant brush border in 
the intestinal epitheliocytes, ...) 

Differentiation can be revealed by the acceler- 
ated synthesis of molecular species: hydrolytic 
enzymes in the caudal fibroblasts which become 
phagocytes, new hemoglobins in the neoformed 
red blood cells [33], pepsinogen in the chief cells of 
the stomach, urea-cycle enzymes [5, 111] and 
serum albumin in the hepatocytes. Finally, cell 
migrations are observed after the proliferation 
period, for example, that of the granule cells in the 
cerebellum. 

The larvae treated with thyroid hormones show 
functional modifications similar to those observed 
in natural metamorphosis. The animals acquire a 
saltatory locomotion, a binocular vision and a new 
hydromineral equilibrium, and become carnivor- 
ous. These changes are also associated with a 
migration of the animals towards the terrestrial 
habitat [26]. 

All these experimental changes may be pro- 
voked during precocious larval stages, i.e. a long 
time before the natural metamorphosis. Neverthe- 
less, at first the ability of the tissues to respond to 
thyroid hormones (competence) is not complete 
enough to allow integral metamorphosis in the 
presence of excess hormones. In the beginning, 
this competence is biochemical and concerns RNA 
synthesis [2, 20, 21, 76, 85, 102, 104] and that of 
specialized proteins, before becoming anatomical 
and morphological. In order to be complete, 
competence requires tissue aging compatible with 
a metabolic preparation. When the larvae treated 


are too young, still partial tissue competence can 
hinder a complete metamorphic response and lead 
to an unbalanced development (development of 
the limbs while the tail is still present ...). 

II VARIATIONS AND CONTROL OF THE 
THYROID HORMONES LEVEL DURING 
METAMORPHOSIS 

A. Circulating hormones 

Variations in their level can be observed by 
radioimmunoassay. The plasma levels of T 3 and T 4 
in anurans ( Xenopus , Rana, Bufo ...) significantly 
and temporarily increase during climax [69, 74, 75, 
87, 98]. The peak values obtained in Rana cates- 
beiana are 70 to 150 ng/100 ml for T 3 and 0.5 to 1 
//g/100 ml for T 4 , which is the major circulating 
hormone (Fig. 5). Besides the species, other fac- 
tors (temperature, light, photoperiod...) can in- 
fluence these results. The plasma concentrations 
of T 3 and T 4 in urodeles (Amby stoma, Notophthal- 
mus , Eurycea, Hynobius . . . ) can also significantly 
increase during metamorphosis [1, 27, 54, 68, 97]. 

The main elements of the mechanism controlling 




Fig. 5. Plasma T 4 and T 3 levels during development of 
Rana catesbeiana tadpole. The values increase 
significantly at climax. From Miyauchi et al. [74]. 
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the level of circulating thyroid hormones are now 
well known. Weak thyroid activity during pre- 
metamorphosis is due to reduced TSH (thyroid- 
stimulating hormone or thyrotropic hormone or 
thyrotropin) secretion by the adenohypophysis. 
Any unexpected increase in the plasma concentra- 
tion of thyroid hormones can lead to an interrup- 
tion of the TSH secretion, due to the negative 
feedback, and thyroid gland inactivation (Fig. 6). 

Just before metamorphosis, the hypothalamus 
becomes competent towards thyroid hormones 
and matures considerably (Fig. 7). Neurosecre- 
tory centers develop (preoptic nuclei.). A dense 
capillary network forms at the base of the hypotha- 
lamus (median eminence) and connects with the 
hypothalamo-hypophyseal portal vein. A TRF 1 
(thyrotropin releasing factor) secreted by the 
hypothalamic centers can then stimulate the re- 
lease of TSH by the adenohypophysis [6, 9, 29]. 
This leads to an activation of the thyroid gland and 
an increase in its hormone secretion. The hypotha- 
lamus then matures faster (Fig. 6). Through auto- 
stimulation of the hypothalamo-hypophyseal- 
thyroid axis, the concentration of circulating thy- 
roid hormones increases rapidly during meta- 
morphosis. 



A B 

Fig. 6. Activity of the hypothalamo-hypophyseal- 
thyroid axis during metamorphosis. A. Premeta- 
morphic tadpole. A negative feedback keeps the 
thyroid activity at a very low level. Any thyroid 
hormone level increase in the plasma stops TSH 
(thyroid-stimulating hormone or thyrotropin) secre- 
tion by the adenohypophysis. Consequently, the 
thyroid gland ceases functioning. Moreover, the 
hypothalamus does not yet control the activity of 
thyrotropes. B. Metamorphic animal. A self- 
acceleration of the hypothalamo-hypophyseal- 
thyroid activity strongly increases the thyroid hor- 
mone level in the plasma, through an increasing 
release of TRF (thyrotropin releasing factor) and 
TSH. The negative feedback described in A is 
masked by the stimulatory effects of this positive 
feedback. AH, adenohypophysis; HT, hypothala- 
mus; TH, thyroid gland. From Etkin [29]. 



Fig. 7. Hypothalamo-hypophyseal relations in an anuran, Rana pipiens, from the climax on. TRF (thyrotropin 
releasing factor) granules are synthesized in several hypothalamic neurosecretory centers such as preoptic nuclei 
(pn), and reach the median eminence (me) through axons 1. These granules are then released into blood 
capillaries (ca) which join a short hypothalamo-hypophyseal portal vein (hhpv). Finally, the TRF granules 
stimulate the thyrotropes located in the pars anterior (or distalis) (pa) of the adenohypophysis (ah). Axons 2 carry 
neurosecretory products towards the neurohypophysis (nh). hth, hypothalamus; inf, infundibulum; pi, pars 
intermedia. From Etkin [28]. 

1 This TRF is different from the TRH (thyrotropin 
releasing hormone) found in mammals: a tripeptide 
which up regulates TSH secretion. 
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When the phenomenon ends, the hypothalamus 
again becomes insensitive to these hormones and 
no longer secretes TRF. The thyroid gland then 
becomes inactive, due to the negative feedback of 
the adenohypophysis. 

An increase in TSH secretion could be triggered 
not only by TRF but also by hypothalamic 
neuropeptides more directly involved in the up 
regulation of ACTH (adrenocorticotropic hor- 
mone or corticotropin) or GH (growth hormone) 
secretion, such as CRF (corticotropin releasing 
factor) or GHRF (growth hormone releasing fac- 
tor) [70]. Their chemical origin is shadowy since 
up to now these peptides have not been isolated in 
amphibian larvae. 

B. Cellular level 

At the target cell level, the thyroid hormone 
concentration is modified by the activity of T 4 -5'- 
monodeiodinase and T 3 -5-monodeiodinase, which 
convert T 4 into T 3 and T 3 into 3 ,3'-diiodothyronine , 
respectively [36]. Up to the climax, the activity of 
T 3 -5-monodeiodinase maintains a very low T 3 level 
in the cells, since the hormone is almost entirely 
transformed into 3,3'-diiodothyronine. At climax, 
T 3 -5-monodeiodinase activity significantly de- 
creases in certain target cells such as the hepato- 
cytes and red blood cells. Therefore, T 3 cannot be 
deiodinated. At the same time, T 4 -5'-monodeio- 
dinase activity remains weak in these two cell 
types, thus limiting the production of T 3 from T 4 . 
On the other hand, this activity significantly in- 
creases in the skin, intestine and tail, thus leading 
to a rapid increase in the T 3 level after T 4 deiodina- 
tion. 

Therefore at metamorphosis, the modified ac- 
tivities of T 4 -5'-monodeiodinase and T 3 -5- 
monodeiodinase favor the regulation of the thy- 
roid hormones concentration at the cellular level. 
This concentration was initially determined by 
these hormones level in the plasma. Thus, the cells 
can avoid being overexposed to hormones. T 3 -5- 
monodeiodinase for example can inhibit the action 
of abnormally high T 3 concentrations. 


Ill MECHANISMS OF THYROID HORMONE 
ACTIVITY IN AMPHIBIAN LARVAE 

The different responses to thyroid hormones are 
prepared by a series of metabolic reactions trig- 
gered by the hormones passage into the cells [35, 
39]. The delayed response can be detected in 
treated tissues after about ten days. Furthermore, 
the response is specific and marks the accomplish- 
ment of a preestablished destiny. 

A. Thyroid hormone receptors 

The competent cells can respond only if the free 
thyroid hormones are bound to the nuclear recep- 
tors, after a thermosensitive transport [46, 101]. 
The proto-oncogene c-erbA could be the ancestral 
gene from which the genes coding for these hor- 
mone receptors, and more generally for other 
development signals, come (steroid hormones, re- 
tinoic acid, vitamin D3, ...). [31, 44, 90, 93, 107]. 

Two types of receptors (TRa and TR/?), whose 
amino acid sequences are similar to those de- 
scribed in chicken or in man, have been de- 
ciphered [3, 12]. Small quantities of receptors are 
found in very young larval tissues. This could 
explain the early competence of these tissues to 
hormones. These receptors would then be coded 
by maternal messengers found in the oocytes. 
These receptors exist in most of the tadpole cell 
types (red blood cells, hepatocytes, tail cells or 
limb buds cells,...). They can bind one or the 
other thyroid hormone, but they always have a 
greater affinity for T 3 than for T 4 . The affinity 
ratio is 2 for hepatocytes and over 15 for red blood 
cells [36]. This leads to the preferential occupation 
of the receptors by T 3 at climax. Thus, T 3 is the 
true metamorphic hormone [36, 37, 69], whether 
it is secreted directly by the thyroid gland or 
obtained in the target cells from T 4 after enzymatic 
deiodination. 

In the cells that will undergo significant changes 
at climax (tail cells that degenerate, totally re- 
placed red blood cells, ...), the number of recep- 
tors increases [116], concomitantly with the con- 
centration of circulating hormones. As a result, 
the competence of the target cells increases. This 
number is multiplied by 5 in the larval red blood 
cells, reaching 2500 per nucleus [36], but falls to 


Passage to the Terrestrial Life 


893 


under 100 in the neoformed red blood cells. 
However, if the modifications are not as impor- 
tant, as in the hepatocytes undergoing a simple 
biochemical differentiation, the number of recep- 
tors remains about the same. All these results 
have been confirmed during thyroid hormone 
treatments. 

Gene receptors : relationships between their struc- 
ture and the coded domains 

The TR a and TR,? receptors are each coded by a 
pair of genes, as shown in Xenopus laevis and Rana 
catesbeiana [3, 60, 91, 114, 115]. The structure of 
the TR/?A and TR/?B genes, coding the TR/? 
receptors, has recently been analyzed in Xenopus 
laevis [59, 94, 115] (Fig. 8). These genes are 70kbp 
long. The TR/?A gene has 14 exons and the TR/?B 
has 12 exons. Each one has 2 promoters, located 
upstream from exons a and b respectively. 

Only one initiates TR/?-mRNA transcription in 
the presence of thyroid hormones, after RNA 
polymerase binding. The a-i exons code RNA 


sequences which are poorly translated and give 
very short domains. 

The TR/? receptors are more specifically trans- 
lated from exons 1-6 (Fig. 8). The DNA binding 
domain (DNA-B) is essentially made up of two 
folds in the amino acid chain, whose stability is 
guaranteed by the binding of a zinc atom with 4 
cystein molecules. This particular shape accounts 
for the name “zinc fingers” given to these struc- 
tures [66]. The first “zinc finger” is coded by exon 
1: it is bound to DNA by a specific sequence of 
bases it recognizes (hormone response element or 
HRE). The second “zinc finger” is coded by exon 
2: it represents a stabilizing element and keeps the 
recognition structure in place. The thyroid hor- 
mone binding domain (TH-B) is coded by exons 
4-6. Exon 3 furnishes a flexible hinge, connecting 
DNA-B and TH-B. The structure of the thyroid 
hormone receptor is schematized in Fig. 8. 

Receptor messengers 

The information concerning the genes coding the 
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Fig. 8. Organization of the two Xenopus laevis TR/? genes: TR/?A and TR/?B. The exons a-i encode a mostly 
untranslated region, and exons 1-6 encode the thyroid hormone receptor /? (=TR/9). Exon 6 of both genes is the 
largest exon. The relative locations of exons a and b are unknown and are, therefore, shown in the same position. 
Each of the TR/? genes has two promoters, one located upstream of exon a and the other upstream of exon b. The 
translation initiation and termination sites are indicated by thin and thick arrows, respectively. At the bottom of 
the figure, the thyroid hormone receptor /? consists of two distinct functional domains including the DNA- and 
hormone-binding domains (DNA-B and TH-B, respectively). It binds to a specific DNA element called the 
hormone response element (HRE). The two “zinc fingers” of DNA-B are encoded by exons 1 and 2, and TH-B is 
split into exons 4-6. DNA-B and TH-B are linked by a domain encoded by exon 3. TH, thyroid hormone. From 
Shi et al. [94] and Yaoita et al. [115]. 
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receptors has been completed by a precise analysis 
of the mechanisms of messenger transcription [3, 4, 
60, 114]. The level of TRa-mRNAs triples during 
spontaneous metamorphosis. The level of TR/?- 
mRNAs is 10 to 30 times lower during premeta- 
morphosis. It increases very rapidly at climax, 
when it can multiply by 10 or more, concomitantly 
with the increase in the circulating thyroid hor- 
mone concentration, as metamorphosis progres- 
ses. The level of TR/?-mRNAs decreases after. 
Higher TR/?-mRNAs levels are also obtained after 
thyroid hormone treatments. Finally, the latter 
up-regulate the transcription of TR/?-mRNAs 
more than that of TRff-mRNAs, prior to the true 
auto-induction of the receptors by their own hor- 
mones. Furthermore, TR/?-mRNAs transcription 
represents one of the earliest responses to T 3 or T 4 . 
In situ hybridization experiments confirm the vari- 
able location of TR-mRNA in one tissue or 
another [60]. 

The rate or TR/?-mRNAs transcription in the 
presence of thyroid hormones is not the same if the 
promoter is carried by exon a or b. After a 2-day 
treatment, transcription is intiated on the promot- 
er upstream from exon b and becomes very rapid, 
its rate increasing at least tenfold [59]. After 7 
days of treatment, the transcription triggered by 
the promoter on exon a accelerates. The TR/3A 
and TR/3B gene promoters could therefore initiate 
cascades of early or late gene expressions whether 
they belong to exon b or a. 

Once the thyroid hormones are positioned on 
their receptors, they influence the regulatory gene 
network, including promoters, which in turn con- 
trols the structural genes activity according to 
mechanisms which are now well-known [2, 20, 21, 
60, 71, 77, 102, 104, 115]. The intimate mecha- 
nisms of gene activation or repression however 
remain obscure. 

B. Thyroid hormones and cell division 

The cell multiplication which takes place in the 
various larval tissues in the presence of thyroid 
hormones implies an up-regulation of nuclear 
DNA synthesis. This up-regulation can be visual- 
ized by radioautography which measures the fre- 
quency of radioactive, silver-labelled nuclei 
(labelling index), after radioprecursor (tritiated 


thymidine) incorporation by DNA. The labelling 
index increases in the lengthening anlages, the 
lungs and the new-digestive epithelium, among 
others [52]. 

C. Inducing cell differentiation and degeneration 

These events are triggered by a modification in 
gene activity after the thyroid hormones bind to 
their receptors. Certain genes are activated and 
allow the accelerated transcription of the RNA 
messengers in the target cells. Other genes that 
were functional up to then are repressed. Accord- 
ing to Gruenstein [47], the thyroid hormones con- 
trol gene activity through their action on the 
protein fraction of chromatin and particularly on 
the histones, whose role had long remained un- 
clear. The hormones would unbind the H4 histone 
linked to the TATA box 1 of certain gene promot- 
ers, via activating proteins. Following a modifica- 
tion in the configuration of this histone, the nu- 
cleosomes containing it, as well as histones H2A, 
H2B and H3, could temporarily cease being com- 
pact masses. The DNA surrounding these nucleo- 
somes could partially uncoil, and the genes could 
then be transcribed thanks to the bases greater 
accessibility and the two RNA-polymerases activ- 
ity [45]. These genes would therefore stops being 
repressed. On the contrary, their repression could 
be triggered by the reconstitution of compact 
nucleosomes on which the genic material coils. 

Protein synthesis control 

In larvae undergoing metamorphic changes 
prior to their departure from water, thyroid hor- 
mones stimulate specialized protein synthesis in 
the degenerating or functionally differentiating 
cells, after a latency period due to the preliminary 
transcription of a larger number of messengers [4, 
15, 52, 72, 78]. (Fig. 9). 

The variations in hepatic proteosynthesis in 
anuran tadpoles treated with T 3 or T 4 have been 
investigated in numerous cytological and biochem- 
ical studies. Treating premetamorphic animals 
with one or the other hormone up-regulates RNA 
transcription and membrane phospholipid synthe- 


1 The TATA box includes a nucleotide sequence de- 
rived from the TATAAATA sequence. 
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Fig. 9. Representation of sequential stimulation of 
RNA and phospholipid synthesis rates in relation to 
the increase in enzymes and proteins synthesized 
during the precocious induction of metamorphosis in 
Rana catesbeiana tadpoles with T 3 . Nuclear RNA 
(N-RNA) synthesis increases up to the fourth day. 
Then, RNAs are stored in cytoplasmic ribosomes 
and polysomes (C-RNA). The rate of microsomal 
phospholipid synthesis increases up to the 6th day 
(PL). After the 7th day, specialized proteins are 
synthesized in the hepatocytes. They will become 
localized in the mitochondria (carbamyl phosphate 
synthetase-I: CPS; cytochrome oxidase: CO), or will 
be secreted into the plasma (serum albumin: SA). 
The values are expressed as percentage increases 
over those in the non-induced control tadpoles. 
From Tata [100]. 


sis. At the same time, the hepatocytes show signs 
of cytological differentiation, with the arrange- 
ment of the ribosomes into numerous polysomes 
bound to a more abundant endoplasmic reticulum. 
Serum albumin, urea-cycle enzymes (carbamyl 
phosphate synthetase-I,...) or energy catabolism 
enzymes (cytochrome oxidase, ...) are among the 
more actively coded proteins. These synthesis 
have a deep-seated influence on the tadpoles phys- 
iology. For example, urea-cycle activation en- 
hances urea production by the liver and induces 
ureotelia. Furhermore, the afflux of serum albu- 
min in the blood increases its osmotic pressure, 
which leads to a more efficient water conservation 
during the transition to a terrestrial environment. 
The intimate proteosynthetic mechanisms have 
been more specifically studied for carbamyl phos- 
phate synthetase-I which integrates ammonia into 


the urea-cycle. The synthesis of this enzyme is 
up-regulated in under 24 hours in the hepatocytes 
of premetamorphic Rana catesbeiana tadpoles tre- 
ated with T 3 or T 4 . Two sub-units are rapidly 
coded at the polysome level, then transferred to 
the mitochondria where they assemble in the mat- 
rix, thus generating the active enzyme [76]. This 
enzyme has a relatively long life-span and con- 
tinues to accumulate in the liver, contrary to the 
messengers which are rapidly eliminated [40]. 
Under in vitro conditions, the same hormones 
up-regulate the albumin messengers transcription, 
followed by their translation which has been quan- 
tified using antibodies [92]. 

The skin of anuran tadpoles is also a target 
organ where the thyroid hormones can up-regulate 
specific proteosynthesis. Indeed, under in vitro 
conditions [72] or during spontaneous metamorph- 
osis, these hormones activate the genes of the 
three new keratins which replace those of the 
larvae, while the epidermis thickens by cell multi- 
plication. 

The Hb.l 1 polypeptide chains in various anuran 
tadpoles ( Rana catesbeiana , ...) stop being pro- 
duced after a thyroid hormone treatment due to 
the down-regulation of the corresponding genes. 
On the other hand, the genes coding the Hb.ad 1 
polypeptide chains are up-regulated [79, 110]. 
Such modifications are associated with the appear- 
ance of new red blood cells. 

The exogenous thyroid hormones increase the 
production of lysosomal hydrolases (cathepsin 
D,...) in the tail fibroblasts of anuran tadpoles, 
after gene activation [89]. Concomitantly, these 
cells acquire a greater mobility and contribute to 
tail regression by phagocyting the tissue remnants. 

The lysosomal hydrolases activities have also 
been visualized in various degenerating caudal 
cells, after a T 3 or T 4 treatment in anuran tadpoles. 
Apart from hydrolase synthesis, the hormones can 
also induce these cells to produce activating pro- 
teins, which in turn reactivate preexisting but 
inactive lysosomal prohydrolases [8]. 


1 The Hb.l and Hb.ad are the hemoglobins of the larva 
and the adult, respectively. 
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IV OTHER METAMORPHIC 
UP-REGULATING HORMONES: 
CORTICAL STEROIDS 

The main cortical steroids produced by amphib- 
ian interrenals are corticosterone and aldosterone. 
These stroids can accelerate spontaneous or thyr- 
oid hormone-tirggered metamorphosis in amphib- 
ians. A simultaneous T 3 and cortical steroid treat- 
ment in larvae leads to faster transformations than 
a simple T 3 treatment. The tail in anuran tadpoles 
and caudal fin in urodelean larvae degenerate 


twice as fast [16, 38, 64]. Certain metamorphic 
biochemical events such as carbamyl phosphate 
synthetase-I synthesis by the liver are also up- 
regulated [38]. In fact, aldosterone seems to be 
more efficient than corticosterone. The latency 
period prior to the appearance of a metamorphic 
response is itself shortened. On the other hand, 
metamorphosis is checked, if the anuran tadpoles 
are simultaneously treated with a thyroid hormone 
and amphenone B or any other corticosteroid 
synthesis inhibitor [62]. A significant delay in 
caudal resorption can then be observed. This 



Fig. 10. Interactions between thyroid hormones (T 3 , T 4 ) and corticoids (corticosterone: CC, aldosterone: A) from 
the interrenal glands (IG) in the stimulation of amphibian metamorphosis. Thyroid hormones bind to nuclei (N) 
of target cells (TC) to induce the enzymes that participate in the metamorphic events (1). The binding is 
enhanced by interrenal steroids (2). The secretion of these steroids is stimulated by adrenocorticotropic hormone 
(ACTH) (3) whose action is enhanced by thyroid hormones (4). Thyroid hormones also stimulate the secretion of 
aldosterone and corticosterone through the activation of the renin-angiotensin system (RAS) (5) or directly, 
possibly by the direct activation of interrenal cells (6). Thyroid hormones induce the differentiation of the median 
eminence (ME) (7), thus facilitating the flow of a corticotropic releasing factor (CRF) from the hypothalamus 
(HT) to stimulate the corticotropes of the adenophypophysis (AH) in the release of ACTH. AT, angiotensin; 
TH, thyroid gland. From Dent [22]. 
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confirms the part played by endogenous cortical 
steroids as well as the thyroid hormones in up- 
regulating metamorphosis. 

Hydrocortisone has little potentiating effect on 
thyroid hormones in toad and bullfrog larvae, 
although exogenous hydrocortisone has been re- 
ported to act synergistically with thyroid hormones 
to increase keratic gene expression in Xenopus 
epidermis [95]. 

Endogenous cortical steroids are more abun- 
dantly secreted by the interrenal glands during 
spontaneous metamorphosis. Various radioimmu- 
noassays have demonstrated this in anurans and 
urodeles for corticosterone [16, 55, 57] and for 
aldosterone [57, 64]. The up-regulated interrenal 
metabolism in metamorphic amphibians is further 
emphasized by a stronger hormonogenic enzyme 
activity, as for 3/7-hydroxysteroid dehydrogenase 
[16]. 

Thyroid hormones can increase the level of 
circulating corticosteroids by acting at the 
hypothalamo-hypophyseal level. Indeed, CRF 
transit from the hypothalamus to the adenohy- 
pophysis improves as does that of TRF thanks to a 
larger capillarisation of the median eminence. The 
corticotropic cells then secrete more ACTH [22, 
64] , which results in an up-regulation of the inter- 
renals. Other types of thyroid hormone activity, 
such as a direct effect on the synthesis of the 
enzymes needed for interrenal metabolism and an 
activation of the renin-angiotensin system impro- 
ving aldosterone release, have been postulated 
[64] (Fig. 10). 

Corticosteroids could favor T 4 conversion to T 3 
(active form) by up-regulating the activity of T 4 -5'- 
monodeiodinase, in the skin for example. They 
could also limit T 3 deiodination into inactive 
diiodothyronine by slowing down T 3 -5-monodeio- 
dinase activity, as shown in the liver and intestine 
[38]. In both cases, the concentration of T 3 in- 
creases. Corticosteroids potentiate also T 3 action 
on the tail in vitro [63]. This indicates that another 
mechanism of corticosteroid-thyroid hormone ac- 
tion exists. The influence of corticosteroids on the 
number of receptors per nucleus is still being 
discussed. According to Galton [38], this number 
would remain the same in the hepatocytes, caudal 
cells and red blood cells after treatment. On the 


other hand, corticosteroids could enhance the 
metamorphic action of thyroid hormones by in- 
creasing their binding capacity to the nuclear re- 
ceptors in the target cells [22, 96]. 

Finally, while metamorphosis is triggered by 
thyroid hormones, cortical steroids have an au- 
thentic up-regulating effect on these hormones. 

V THE METAMORPHOSIS INHIBITING 
HORMONES 

A. Prolactin 

Prolactin is secreted by the adenohypophysis. 
Exogenous prolactin inhibits certain natural or 
induced [10, 14, 30, 51, 80] or in vitro [99] meta- 
morphic events in anuran larvae. It prevents tail 
resorption and hindlimb development. Concom- 
itantly, the transition to a terrestrial environment 
is eliminated or delayed. Injecting prolactin also 
inhibits urodelean metamorphosis and delays the 
appearance of juvenile characteristics [19, 43]. 
The gills remain practically intact, while emer- 
gence from water becomes more difficult. A treat- 
ment with homologous prolactin produces analo- 
gous results [65]. 

Therefore, a prolactin treatment in larvae trig- 
gers effects opposite to those of thyroid hormones. 
This reflects a double antagonism. Prolactin works 
against certain effects of T 4 and T 3 on the tissues 
[4, 11, 23, 56, 83, 105] and reduces these hormones 
secretion by inactivating the thyroid gland [14, 43, 
86]. At tissue level, the up-regulation of TR a- and 
TR/?-mRNAs transcription by T 3 could be inhib- 
ited by prolactin in both the premetamorphic 
tadpole and tail organ cultures of Xenopus laevis 
[4]. Under such conditions, the small number of 
coded receptors would not allow gene activation 
by T 3 and continued proteosynthesis. Prolactin 
could also favor the production of a hepatic factor 
(synlactin) up-regulating tail growth. 

Prolactin cells have been visualized by im- 
munocytochemistry or immunofluorescence in var- 
ious anurans ( Rana cates beiana , Bufo japonicus . . .) 
and urodeles ( Pleurodeles waltl ...). The number 
of cells as well as the quantity of prolactin con- 
tained in the adenohypophysis peak at climax [18, 
81, 113]. The level of plasma prolactin has been 
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determined by radioimmunoassay in several 
anurans ( Rana catesbeiana, Bufo japonicus ...). 
This level peaks at climax and decreases after [18, 
81, 112, 113] (Fig. 11). Nevertheless, these phys- 
iological values would be too weak to inhibit 
metamorphic events, contrary to pharmacological 
values arising from a prolactin treatment. 



Fig. 11. Plasma prolactin (PRL) level during develop- 
ment of Rana catesbeiana tadpole. The values 
increase significantly towards the end of climax. 
From Yamamoto and Kikuyama [112]. 

B. Growth hormone 

Treatment with the growth hormone, also sec- 
reted by the adenohypophysis, can inhibit certain 
metamorphic events such as tail resorption. 
Nevertheless, its effects seem to be weaker than 
those of prolactin [73]. The plasma growth hor- 
mone concentration peaks towards the end of 
metamorphosis and decreases in juveniles, then 
increases again in adults [18]. According to 
Kobayashi and Kikuyama [67], who extensively 
measured growth hormone levels in tadpoles 
throughout metamorphosis and juveniles and var- 
ious sizes of male and female adults in the same 
species ( Rana catesbeiana ), the pattern of hor- 
mone concentrations would be slightly different. 
Growth hormone levels rose as metamorphosis 
progresses and showed the higher values in juve- 
niles, which show a rapid growth, and declined as 
they gain weight. 


VI THE HYDROMINERAL EQUILIBRIUM 
REGULATING HORMONES 

Emergence from water in metamorphosed 
amphibians is associated with a modification in the 
hydromineral equilibrium, which optimizes water 
conservation by the organism [52] 

A. The neurohypophyseal hormones 

The neurohypophyseal hormones more specif- 
ically contribute to controlling the hydromineral 
equilibrium. In amphibians, the main hormone 
concerned is arginine vasotocin (AVT), a 
nanopeptide that includes leucine in position 3 and 
arginine in 8. An AVT treatment induces anti- 
diuresis in metamorphosed anurans which have 
become terrestrial {Rana, Bufo ...): glomerular 
filtration slows down and water is reabsorbed in 
large quantities by the renal tubules and urinary 
bladder. The hormone also acts at skin level by 
up-regulating osmotic water absorption. On the 
other hand, in adult Xenopus which can remain in 
an aquatic environment after metamorphosis, an 
AVT treatment increases the diuretic effect also 
observed in fresh water fish. These observations 
show that from the juvenile phase on, AVT en- 
hances hydric retention in anurans proportionally 
to their degree of adaptation to a terrestrial en- 
vironment. 

The neurohypophysis in anuran larvae is too 
small for AVT to be detected. Its volume in- 
creases in metamorphosing anurans and its capil- 
lary network becomes denser. These two observa- 
tions suggest an accelerated AVT secretion, which 
would improve water conservation in anurans mi- 
grating to a terrestrial environment. 

B. Aldosterone 

The epidermis of metamorphosed amphibians 
can pick up sodium ions in fresh water by active 
trasnsport against a concentration gradient. This 
cannot be done by the larval epidermis. This ionic 
flux is associated with water penetration by osmo- 
sis, through the skin, each time the now terrestrial 
animals return to an aquatic environment. The 
epidermal cells in metamorphosed amphibians be- 
come permeable to sodium ions, when sodic chan- 
nels appear in the apical plasma membrane under 
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the influence of thyroid hormones [99]. Active 
Na + transport occurs only through the baso-lateral 
plasma membrane. This type of transport, which 
modulates ion recuperation (and therefore that of 
water), is more specifically controlled by aldoster- 
one [99]. 

The epithelium of the urinary bladder, another 
water- and ion-recuperating organ, could also have 
the same type of hormonal regulation. 

C. Prolactin 

A prolactin treatment improves water, sodium 
and chloride ion recovery by the kidney and uri- 
nary bladder, in metamorphosed amphibians that 
have become terrestrial. The hormone helps the 
animals adapt to a terrestrial environment by 
allowing them to save water more efficiently. Pro- 
lactin control of the hydromineral equilibrium 
through the kidney and urinary bladder is made 
possible by the fact that these organs acquire 
numerous prolactin receptors during metamorpho- 
sis [13, 49, 82, 108, 109]. 

In actual fact, the pharmacological doses due to 
a prolactin treatment would produce opposite 
effects with regard to the departure from water. 
Hormone injections could prevent this ecological 
transition by inhibiting certain metamorphic 
events. On the other hand, they could adapt better 
metamorphosed animals to a terrestrial habitat by 
enhancing hydric retention. 

VII THE HORMONES CONTROLLING 
ENERGY METABOLISM 

During metamorphosis and the departure from 
water, the intense morphogenetic processes re- 
quire an up-regulation of energy metabolism and a 
mobilization of the lipid and glucid reserves. This 
is controlled by the newly installed endocrine 
system. Cortical steroids (aldosterone, corticoster- 
one) from the interrenal cells and probably 
epinephrine and norepinephrine from the adrenal 
cells are secreted into the plasma [55]. These 
hormones improve the reserves mobilization 1 and 

1 Cortical steroids could make metamorphosis easier by 
allowing a more efficient energetic response. Meta- 
morphosis could be significantly delayed if their synthe- 
sis is inhibited in any way [62]. 


the hyperglycemic response. This in turn leads to 
the maturation of the islets of Langerhans in the 
pancreas and higher insulin secretion [7, 17, 32]. 
Endocrine control in amphibians however does not 
imply stable glycemia as in mammals. This control 
remains imperfect to the point of furnishing an 
inadequately adapted response to the animals 
energy needs. This could be a potential problem in 
the transition to a terrestrial environment, where 
outside elements vary more than in water and 
require a permanent adjustment of the energy 
needs. 

GENERAL CONCLUSIONS 

In many amphibians, the metamorphic events 
associated with the departure from water are con- 
trolled by a number of hormones. The most 
important are the thyroid hormones. After they 
bind to the nuclear receptors, the thyroid hor- 
mones trigger a number of mechanisms by acting 
at the genome level. These hormones control the 
synthesis of many specialized proteins during cell 
differentiation and degeneration. The succession 
of metabolic stages explains the latency of the 
responses. 

In amphibians with a deficient hypothalamo- 
hypophyseal-thyroid axis such as axolotl or anuran 
larvae maintained in cold conditions, natural meta- 
morphic changes are very limited. Such perpetual- 
ly larval, aquatic animals have been qualified as 
neotenic sensu lato. The persistence of a larval 
stage in axolotl is nevertheless associated with the 
ability to reproduce (neoteny sensu stricto). Treat- 
ing axolotl with thyroid hormones leads to meta- 
morphosis and the departure from water. This 
proves the existence of competent tissues, contrary 
to what is observed in various compulsory neotenic 
urodeles ( Necturus , Proteus). 

Thyroid hormone activity is a necessary condi- 
tion for metamorphosis and departure from water 
in many amphibians. However, it is not in itself 
sufficient, since certain metamorphosed species 
such as Xenopus remain in fresh water. 

This suggests the contribution of other hor- 
mones whose action would differ according to the 
species. Thus, AVT is antidiuretic in the frog, 
making water conservation easier in a terrestrial 
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environment, while it has a diuretic effect incom- 
patible with a departure from water in Xenopus. A 
prolactin treatment can inhibit metamorphosis in 
anuran larvae, thus maintaining them in an aquatic 
environment. The same treatment in various juve- 
nile terrestrial newts ( Notophthalmus viridescens) 
anticipates “puberty metamorphosis” (“second 
metamorphosis”) prior to a premature return to 
water. Prolactin activity can thus be favorable to 
an aquatic environment, at least under ex- 
perimental conditions. 

Finally, a complex endocrine determinism pre- 
sides over the environmental transitions observed 
in modern amphibian development. 
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